predicted systolic pressure gradient (r = 0.91). The technique is found to be useful for both initial and sequential noninvasive assessment of aortic stenosis with normal LV function irrespective of the level of obstruction. It is shown to apply equally well to a wide range of LV pressures, is independent of volume load, and is useful in predicting small gradients. Some common problems encountered with the measurements are examined in detail.
The technique is found to be useful for both initial and sequential noninvasive assessment of aortic stenosis with normal LV function irrespective of the level of obstruction. It is shown to apply equally well to a wide range of LV pressures, is independent of volume load, and is useful in predicting small gradients. Some common problems encountered with the measurements are examined in detail.
coarctation of the aorta with abnormal brachial arteries due to anatomical variants or previous catheterization.
From a combination of the Laplace relationship, wall stress studies, and the concept of "relative" wall thickness, a simple formula has been developed to predict LV pressure by echocardiography. A similar study by Bennett et al.' gave encouraging results for adults. This study of children with aortic stenosis was undertaken primarily to establish that the gradient that would be found at cardiac catheterization could be predicted by echocardiography. 
Subjects and Methods
Fifty-six children with aortic stenosis were studied over a two year period at Hospital for Sick Children. Each child had an echocardiogram and blood pressure recorded in a resting state, prior to cardiac catheterization the following day. Excluded from the study were all infants under six months of age, those with asymmetric septal hypertrophy, and those with congestive heart failure. Thirty-six were studied in the first year by retrospective analysis of the echocardiogram without knowledge of the catheterization data. The 21 children studied in the second year all had their gradients predicted prior to cardiac catheterization.
Echocardiograms End-systolic wall thickness (Ws) was measured from epicardium to endocardium of the posterior wall of LV at the site inferior to the mitral valve as described. The endsystolic minor axis (LVES) was measured in the same region from endocardium to the level of the maximum posterior systolic movement of the left septal surface ( fig. 2 ). Averages of both measurements over at least five cardiac cycles were made. The end-diastolic minor axis dimension (LVED) was measured in the same area from endocardium to left septal surface just prior to the dip of the posterior wall that precedes the systolic anterior motion ( fig. 1 ). Systolic time intervals were taken from aortic valve leaflet opening and closure in relation to the onset of the QRS in the electrocardiogram2 at a paper speed of 100 mm/sec. The heart rate (HR) was measured from the accompanying ECG. Assess SVS  104  245  26  15  11  155  180  170  155  12m  AS  120  245  28  16  12  105  184  140  70  15m  AS  125  230  28  15  11  105  180  130  77  2y  AS  127  240  26  16  8  100  123  120  110  3  AS  93  270  35  15  12  88  196  160  75 Abbreviations: SVS = supravalvular aortic stenosis; AS = aortic valve stenosis; SAS = discrete subaortic stenosis; PS = pulmonary stenosis; ASD = atrial septal defect; AI = significant aortic incompetence; MS = mitral stenosis; MI = mitral incompetence; PV = post aortic valvotomy. LV and aorta are direct catheterization measurements; Ws = end-systolic wall thickness; HR = heart rate; LVET, LVED, LVES = left ventricular ejection time, end-diastolic minor dimension, and end-systolic minor axis, respectively; BP = blood pressure; P.I.S.P. = predicted intraventricular systolic pressure.
factor of 245 (r = 0.83). This also remains correct for the prediction of gradients, but with a better correlation ( fig. 3) From our experience with the technique, we have found it necessary to carefully define the measurement of LVES and Ws. In 22% of our patients the left septal surface echo had started to move anteriorly before the posterior LV wall had completed its maximal systolic thickening. To avoid underestimating pressures in this group it is necessary to measure LVES as the distance from the level of the maximum anterior motion of the posterior endocardium to the level of the maximum posterior motion of the left septal surface ( fig.  2 ). This apparent asynchrony was independent of LV pressure or outflow gradient.
The most critical part of the technique is associated with the measurement of Ws. Identification of endocardium and epicardium can be difficult due to variations in appearance and artifacts in the recording. Since minor differences in the value of Ws have a marked effect in the calculation of LV pressure, careful attention must be given to the recording and interpretation of the posterior wall.
The most frequently encountered problem is the presence of strong echoes arising from chordae tendineae ( fig. 4a) . Their movement is similar to endocardium but is usually seen only in systole and has a reduced excursion compared to the endocardium. It is useful to follow the endocardium from mid-diastole through its early systolic posterior dip to the peak anterior motion.
Less frequently encountered is the presence of multilayering in the posterior wall myocardium (fig. 4b) . This is probably due to poor lateral resolution and provides the most difficult exercise in recognition. To Another problem is apparent separation of the two pericardial layers at end systole ( fig. 4c ). This may be due to a real separation or again be a problem of lateral resolution. We traditionally measure from the posterior echo when there is blurring or separation of the layers. These problems are illustrated in the echocardiogram shown in figure 5 , which would be regarded as an unacceptable tracing for the prediction of LV pressure.
Measurement of Ws is of crucial importance in the calculations: a small change in the numerator of the ratio Ws/LVES can cause an important change in the ratio value derived. Minor variation in the LVES has a similar but less marked effect because of differences in their relative magnitude. Two important ramifications of this are first in the regression of the ratio Ws/LVES against LV pressure to calculate a conversion factor, and secondly in the use of this A possible source of error is the amplification of peripheral blood pressure when compared to that recorded centrally." This could be important where the results of predicted gradients (from echocardiography and arm blood pressure) are being compared to those measured at catheterization. Amplification varies and is greatest with shorter ejection periods, smaller pressure gradients, and in younger children. This factor could overestimate the central aortic pressure and thus underestimate the pressure gradient in aortic stenosis, particularly in the younger children with small gradients. In fact, this did not occur as there was no age effect, and an equal scatter above and below the measured gradients was present. It does not appear necessary to invoke a correction factor for this amplification effect.
Noninvasive assessment of the severity of aortic stenosis in children has been notoriously unreliable." Direct measurements from cardiac catheterization have remained the most reliable means of assessment and are the basis for comparison for any noninvasive method. Difficulties with catheterization reflect the effects of sedation, posture, and varying hemodynamics which are common to any method.
In relating a new method of noninvasive assessment to catheterization data, the two methods should be tested in close relationship and ideally at the same time. The comparison in this study was accomplished by performing the noninvasive assessment the day prior to cardiac catheterization with the patient at rest but not sedated. In the four cases where echocardiography was performed together with direct LV pressure measurements, the results were virtually identical to those obtained outside the catheterization laboratory.
Many noninvasive techniques have previously been applied to assess the severity of aortic stenosis in children. These include clinical examination, electrocardiography, vectorcardiography, phonocardiography, pulse contour analysis, systolic time intervals, apexcardiography""320 and more recently a combined clinical and electrocardiographic approach." Published statistics with these studies show correlation coefficients no better than 0.41.
Three recent reports deserve special comment. A preliminary report from Silverman et al." suggested a correlation coefficient of 0.95 between gradients and ejection times corrected for heart rate. We were unable to support this with our data. Johnson et al." found a correlation coefficient of 0.74 comparing measured gradients to percentage shortening. This is not supported by our data, nor by the work of Dodge and Baxley24 who suggest that ejection fraction does not change significantly in compensated aortic stenosis. Glanz et al. 25 have applied a similar method to ours in 13 patients, and although there are minor differences in the formula, the end results are similar.
In that study and in the work of Bennett et al.' in adults, the conversion factors for calculating LV pressure in mmHg are quoted as 225 for both normals and volume overloaded patients. The same conversion factor has been used for patients with aortic stenosis. Our previously reported work'6 describes a conversion factor of 237 for 30 children without aortic stenosis. Analysis of this current group with aortic stenosis gives a conversion factor of 245. The reason for these variations may be found in the derivation of the conversion factor and the different diagnostic groupings. The relative importance of the measurement Ws and the lesser importance of the exact conversion factor in the context of the values involved has been demonstrated in table 2.
The apparent discrepancy of correlations between LV pressures and between gradients is due to the variability of subsets of data obtained under slightly different conditions. The better correlations for gradients suggests that LV pressures are more variable than are the gradients.
Finally, it must be emphasized that the predicted gradient CIRCULATION is not the actual gradient. This technique of estimation is most useful for detecting the patient with a small gradient, thereby avoiding the trauma of cardiac catheterization. Our own experience shows that a predicted gradient of 35 mmHg or less was never associated with a measured gradient of more than 45 mmHg.
The overall clinical assessment of a patient with aortic stenosis should include echocardiography as an important but not the sole criterion for prediction of severity of the condition.
